1. Climate-driven changes in the relative phenologies of interacting species may potentially alter the outcome of species interactions.
| INTRODUCTION
Heritable geographic variation in life-history traits is a result of previous history of natural selection, gene flow and other evolutionary processes, and is widespread in nature (Franks, Weber, & Aitken, 2014; Hereford, 2009; Kawecki & Ebert, 2004; Leimu & Fischer, 2008; Mopper & Strauss, 2013) . Although geographic variation in phenology may also arise via plasticity alone (Phillimore, Stålhandske, Smithers, & Bernard, 2012) , local adaptation of developmental plasticity typically contributes to geographic variation in phenology, i.e. seasonal timing of life-history events (Phillimore et al., 2012; Tansey, Hadfield, & Phillimore, 2017) . Spatial variation in local adaptation to climate variables, such as, e.g. temperature, may help revealing the potential longterm consequences of climate change (Pickett, 1989) : if there is local adaptation to temperature in space, then there should be directional selection to track a changing optimum if the temperature changes over time (Hadfield, 2016) . Although evolutionary processes may ultimately lead to adaptive change under a new climate, phenotypic plasticity of local populations will be of immediate importance when facing rapidly changing environments (Franks et al., 2014) . Many species interactions depend strongly on relative timing of life-history events (i.e. phenology) (Johansson, Kristensen, Nilsson, & Jonzén, 2015; van Asch & Visser, 2007) , and the fate of locally adapted populations of the interacting species may depend on how synchronous their phenologies may be under new climatic conditions.
The direction and magnitude of phenological shifts and responses to temperature among and within organism groups over the recent decades have been shown to differ (Forister & Shapiro, 2003; Jentsch, Kreyling, Boettcher-Treschkow, & Beierkuhnlein, 2009; Karlsson, 2014; Parmesan, 2007; Roy & Sparks, 2000; Stefanescu, Penuelas, & Filella, 2003) . For example, while some studies on relative phenologies of plant-insect interactions have found that plant phenology is responding to temperature more negatively than the phenology of insect herbivores (Kharouba & Vellend, 2015; Kudo & Ida, 2013; Schwartzberg et al., 2014) , others have shown a reversed pattern (Dewar & Watt, 1992; Hill & Hodkinson, 1992; Parmesan, 2007; van Asch, van Tienderen, Holleman, & Visser, 2007 ). An analysis on phenological changes in butterflies suggested that they on average have advanced their spring phenology three times as much as herbaceous plants (Parmesan, 2007) . In contrast, collection records suggested a weaker response in the timing of butterfly flight than in their potential nectar food plants (Kharouba & Vellend, 2015) . As many insect herbivores feed on multiple host plant species, potential changes in relative phenologies may influence not only fitness of insects and host plants but also patterns of host utilization (Forkner, Marquis, Lill, & Corff, 2008; Kudo & Ida, 2013; Liu, Reich, Li, & Sun, 2011; Visser & Holleman, 2001 ; Warren, Bahn, & Bradford, 2011) . In this case, some commonly used host plant species can escape herbivory by occurring too early or too late relative to the insect spring emergence (Liu et al., 2011) .
The consequences of changes in relative timing can be expected to be stronger for species interactions that occur within a narrow time window during the season (Johansson et al., 2015; Rafferty, CaraDonna, & Bronstein, 2015) , and also depend on host plant species abundances (Halbritter, Billeter, Edwards, & Alexander, 2015) . Although climate can potentially have important effects on herbivore host use through changes in relative timing with different species of host plants and the magnitude of such effects can vary spatially, these effects are hitherto largely unexplored.
Thermal reaction norms that influence phenology often vary within species across latitudes in both insects (Kharouba, Paquette, Kerr, & Vellend, 2014; Roy & Asher, 2003; Roy et al., 2015) and plants (e.g. Toftegaard et al., 2015; Tryjanowski, Panek, & Sparks, 2006; Vitasse, Delzon, Bresson, Michalet, & Kremer, 2009) , and poleward shifts in species distribution are a common response to warming (Lemoine, 2015; Parmesan, 2006; Parmesan & Yohe, 2003; Walther, 2010; Walther et al., 2002) . Differences in dispersal abilities and rate of range shifts may lead to novel interactions between genetically differentiated populations of interacting species, which have not previously co-occurred: for example, southern genotypes of one species (e.g. herbivore) may come into contact with northern genotypes of another (e.g. host plant). Such differences in gene flow between interacting species could potentially act to increase or to decrease the magnitude of changes in relative phenology caused by climate.
In this study, we experimentally explore how geographic variation in thermal reaction norms of spring development in the butterfly Anthocharis cardamines and five of its commonly used herbaceous larval host plant species affects their relative phenology. The butterfly larvae feed on the growing fruits and larval performance is higher on younger plants (Posledovich, Toftegaard, Wiklund, Ehrlén, & Gotthard, 2015a) . Oviposition is restricted to the early reproductive stage of host plants and lasts for c. 4 weeks (Wiklund & Friberg, 2009 ). Thus, synchronous emergence of adult butterflies with the suitable reproductive stage of host plants in spring is of key importance for butterfly fitness. Weighted regression on long-term observational data on the first appearance of A. cardamines and flowering phenology of two host plant species-Alliaria petiolata and Cardamine pratensis-in the UK indicated that synchrony will be maintained with a temperature increase of 3°C (Sparks & Yates, 1997) . In Sweden, however, the butterfly is associated with several plant species throughout the geographical range Toftegaard et al., 2015; Wiklund & Friberg, 2009) , and both host plants and butterflies show geographic variation in thermal reaction norms across their distribution Stålhandske, Gotthard, Posledovich, & Leimar, 2014; Toftegaard et al., 2015) . Thus, climate variation can potentially induce different
Anthocharis cardamines, climate change, local adaptation, oviposition preference, phenology, synchrony outcomes for this butterfly-host plant interaction in different geographical regions. For this study, we used butterflies and their local host plants from three latitudinal regions of Sweden to test if differences in sensitivity to spring temperatures among and within species affect relative phenologies between the butterfly and its host plants.
We define relative phenology as the difference in time between two developmental events: the onset of flowering/fruiting in a host plant species and emergence of the butterflies. We chose host plant species that are the most commonly used by the butterflies in Sweden (Wiklund & Friberg, 2009) , assuming that the relative phenologies of the butterflies and these plants should be relatively well-matched at present. We thus tested if the timing between host plant development and butterfly emergence varied in response to a temperature increase, i.e. if a warmer climate is likely to change the relative phenology of the butterfly with each of the investigated host plant species and thereby potentially alter the strength of the interactions between the butterfly and its host plants in the three locations. We also use our data to explore how relative phenology may change if the northward dispersal rate of the butterflies from locally adapted populations exceeds that of the plants, resulting in butterflies with southern reaction norms interacting with host plant populations with northern reaction norms.
Finally, in order to examine how effects of change in relative phenology translate into effects on host plant use, we experimentally tested the importance of host plant phenological stage for female oviposition preference.
| MATERIALS AND METHODS

| Study system
Anthocharis cardamines, the orange tip butterfly, is a univoltine pierid butterfly, whose larvae feed on several Brassicaceae plant species. It overwinters in the pupal stage and emerges in late April-early May in the south of Sweden and late May-early June in the north. The flight period typically lasts for about a month and coincides with mass flowering of host plant species (Wiklund & Åhrberg, 1978; Wiklund & Friberg, 2009 ). The larvae feed on the reproductive parts of the host plants, and frequently leave a plant, when its entire flower head is consumed, rather than feed on vegetative parts (Courtney, 1981; Dempster, 1997; Wiklund & Åhrberg, 1978; Wiklund & Friberg, 2009 ). In central Sweden, A. cardamines is known to oviposit on 16 out of 18 Brassicaceae plant species available in the field (Wiklund & Friberg, 2009 ). For our experiment, we chose five of the most common and abundant host plant species that are frequently used by the butterfly in the field ( Figure S1 ) (Wiklund & Åhrberg, 1978; Wiklund & Friberg, 2009) : Arabis glabra (biennial herb), Arabis hirsuta (perennial herb), Cardamine pratensis (perennial herb), Arabidopsis thaliana (annual herb) and Capsella bursa-pastoris (annual herb).
The greater part of post-winter pupal development occurs c. 1 month before adult eclosion (Stålhandske et al., 2014) and spring temperatures during this period can predict butterflies' emergence (Phillimore et al., 2012) . In our case of A. cardamines, such periods of thermal sensitivity correspond to April in the southern region, mid-April to mid-May in the central region and May in the northern region, with average daily temperatures varying between 7. 1°C and 11.2°C (2005-2015 , data from the Swedish Meteorological and Hydrological Institute (SMHI; http://www.smhi.se)). However, because of nonlinearity of development in ectotherms with regards to temperature (Ruel & Ayres, 1999) , maximum daily temperatures exert a major influence on insect development times in spring (Dillon, Wang, & Huey, 2010; Williams, Henry, & Sinclair, 2015; Williams et al., 2012) , and in our study average maximum temperatures amount to 12.8-14.8°C among the three regions. For our temperature treatments, we chose three The butterflies were collected as eggs or young larvae from five to seven host plant species (mainly the ones used in this study) at the same sites as plants, and reared on one of A. cardamines' natural host plants not included in the experiment-A. petiolata-until pupation to control for any maternal effects. Since female butterflies usually oviposit a single egg per host plant (Courtney, 1981; Wiklund & Åhrberg, 1978) , each individual in the experiment is assumed to be an independent sample of the natural population as we have no information about potential relatedness among the field-collected eggs. All diapausing pupae were kept in a climate chamber at +2°C/constant darkness for 5 months from late October until the start of the experiment (21 March 2012). This treatment ensured that winter diapause had been terminated and that post-diapause development was influenced only by temperature (Posledovich, Toftegaard, Wiklund, Ehrlén, & Gotthard, 2015b 
| Experimental setup: Relative phenology between the butterfly and host plants
Our own 4-year field surveys at the butterflies' flight peak confirm earlier findings (Wiklund & Friberg, 2009 ) that the host plant species chosen for our study are the most utilized in the studied regions and Wiklund and Friberg found that they on average received 78% of the total egg load. As the oviposition period of the butterflies to a large extent overlaps with the reproductive period of the selected host plant species, it shows that at present A. cardamines' spring phenology is synchronous with that of these plants. Here, we explore if and in which direction variation in spring temperatures may affect relative phenologies between butterflies' emergence and host plants'
flowering.
In order to explore how spring thermal conditions affected relative phenology between butterfly emergence and reproductive stages (bud/flower/fruit) of the five host species, diapausing butterfly pupae and overwintering plants originating from three geographical regions were randomly assigned to six climate rooms with three temperature treatments (two chamber replicates per treatment) of 13°C (13.5 ± 1.5; A change in relative phenologies was measured as the difference in regression slopes of development time on temperature between butterflies and host plants, and was expressed as the number of days by which a host plant species developed faster/slower to flowering or fruiting than butterflies developed to emergence per degree of temperature increase. Since only few individuals of the perennial species C. pratensis flowered in 2012, they were kept in an outdoor garden until spring 2013, when the experiment was repeated for this species using the same experimental protocol (except for the outdoor treatment).
The temperature in the climate rooms as well as in the outdoor treatment was recorded every 30 min with temperature loggers (3-4 loggers per room/outdoor treatment). All rooms had a photoperiod of 15L:9D (Osram FQ 54w/865 HO 151 T5 Constant) corresponding to natural conditions after the onset of growth and before onset of flowering in all the regions (approximately 15-25 April), when the plants normally begin to grow. A. cardamines is insensitive to photoperiod at the pupal stage (pers. obs.). The starting date for the experiment, 21 March, was chosen since it was the last week of snow cover, which prevented the host plants from precociously starting their spring development prior to the experiment. To account for the effect of the initial differences in plant size on development time, all the plant individuals were measured on the first experimental day and rosette areas were calculated using the formula for the area of an ellipse using two perpendicular rosette diameters. Sample sizes of the butterfly pupae and the five host plant species, used in the experiment, are shown in Table S1 (Posledovich, Toftegaar, Wiklund, Ehrlén, & Gotthard, 2017) .
| Experimental setup: Host species oviposition preference
To examine female oviposition preference for phenological stage of its host plants, a series of plant choice trials were performed using the five host plant species (only from the central region) at three differ- In order to explore also the possible consequences of a faster northward dispersal in the butterflies than in the host plants, resulting in butterflies with a more "southern" reaction norm meeting plants with more "northern" reaction norms, butterflies from the southern and central regions were matched with central and northern plants, respectively. In other respects, the models were specified the same way as described above. In these analyses of potential northward dispersal of more southern butterfly populations, we accounted for the differences in the slopes as well as in the intercepts in order to predict if the novel interaction would influence the time overlap compared to the original interaction.
In the Bayesian models, we used climate room identity as a random effect. Model convergence was assessed by visual check of the timeseries plots for the chain for each of the parameters. As male pupae are known to eclose about 2.3 days earlier than females , differing intercepts were allowed for the two sexes. Plant initial size (measured as rosette area, cm 2 ) was standardized within each plant species.
| Host plant species oviposition preference
Probability of butterfly oviposition (0 = did not oviposit, 1 = did oviposit) on hosts was analysed by fitting a GLMM (Bates, Mächler, Bolker, & Walker, 2015) ; with binomial error distribution and female identity as a random effect. Plant phenological index, its quadratic effect and plant species were set as fixed effects. We did not include butterfly population as an explanatory variable because the number of females from each population that oviposited was low, and because a previous study detected no variation in host plant preference between Anthocharis females from different regions (Stålhandske et al., 2016 ).
The best model was obtained from a full model that included the variables and all their two-way interactions by stepwise reduction of terms based on the Akaike Information Criterion (Bolker et al., 2009 ).
| RESULTS
| Relative phenology between the butterfly and its host plants
The Table 1 ). In all cases where relative phenology was affected by temperature, the number of days between butterfly emergence and plants reaching the flowering and fruiting stage decreased at higher temperatures. Since most of the relative slope estimates were negative, there appears to be a general tendency for plants being more responsive to increasing temperature than the butterfly (Table 1 ).
In the outdoor treatment, the overall order of timing of flowering and fruiting of the plant species largely agreed with the results of the indoor treatment, although many plants from the northern region did not flower in the outdoor treatment ( Figure S2 ; Table S1 ). However, the development of A. thaliana from the southern region and A. thaliana and C. bursa-pastoris from the central region was faster relative to the butterflies under the outdoor conditions.
Thermal reaction norms of more northern plants were equal or more similar to more southern butterflies than to native butterflies ( Figure 2 ; Table 2 ). In the case when southern butterflies would en- Table 3 ). Butterflies oviposited to a much lesser extent on host plants in very early or very late stages of flowering. Although preference for plant species was significant in the model, the estimates of the actual differences between species strongly overlapped ( Figure S3 ). In contrast to the more southern regions, the phenological matching of butterflies from the northern region with the beginning of the flowering and fruiting stages was temperature-dependent in two to three of four plant species (i.e. C. pratensis and A. glabra). This effect was due to the greater thermal sensitivity of plant development as compared to butterfly development, i.e. the northern plants advanced their phenology in warmer conditions more rapidly than the northern butterflies. The same was true for the relative timing T A B L E 1 Effect of temperature on development times of Anthocharis cardamines and flower/fruit stage of each five host plant species region-wise. Plant species are compared to the butterfly. The lower/upper bounds are 95% highest posterior density intervals. For model estimates of all parameters, including plant initial sizes, see Table S2 . Arhi = Arabis hirsuta; Capr = Cardamine pratensis; Arth = Arabidopsis thaliana; Cabu = Capsella bursa-pastoris; Argl = Arabis glabra Significant effects are shown in bold.
| Female oviposition preference
| DISCUSSION
between butterfly emergence and the beginning of fruit stage in the central region. It is important to note that it is difficult to predict the fitness effects for the butterfly in the cases where we observed a decrease in the number of days between butterflies and plants with temperature increase, but it will most likely influence the relative host availability (Liu et al., 2011; Warren et al., 2011) . The period of host plant suitability is an essential component of the herbivore's fitness and the present oviposition experiment, together with previous studies (Courtney, 1981; Dempster, 1997; Fogelström et al., 2017; Stålhandske et al., 2016; Wiklund & Åhrberg, 1978) confirm that the females' willingness to oviposit is strongly dependent on the phenological stage of the flowering host plant. In essence, the importance of a plant individual being in the most attractive stage of flowering is likely to override any difference in female preference for different plants species (Stålhandske et al., 2016) . This is reflected in the generalistic host use of A. cardamines with 16 of 18 brassicaceous plants (Wiklund & Friberg, 2009 (Dempster, 1997; Posledovich et al., 2015a; Wiklund & Åhrberg, 1978) . Thus, the time window for oviposition and successful larval development is narrow (Posledovich et al., 2015a) . In this respect, the butterflies in the northern region are even more constrained as the overall number of host plant species, as well as their distribution and abundance is decreasing towards the distribution range margin ( Figure S1 ). Moreover, the overall period of plant availability (from the first flower to the first fruit emergence) both in the indoor and outdoor treatments proved to be on average 9 days shorter for the northern plants than that for plants from more southern regions ( Figure S3 ). Altogether, the (Parmesan et al., 2005; Root, Price, Hall, & Schneider, 2003; Thomas, Franco, & Hill, 2006) ; and a majority of these species expanded their range northward, as conditions there become more permissive (Hickling, Roy, Hill, Fox, & Thomas, 2006; Hickling, Roy, Hill, & Thomas, 2005; Parmesan et al., 1999) . The matching thermal reaction norms of A. cardamines from more southern regions with that of the host species from more northern regions, suggest that the resulting relative phenology will be either almost similar or result in even more congruent slopes, especially as the outdoor treatment suggested that the plants overall tend to develop faster under natural spring conditions than in the indoor treatments ( Figure S2 ).
The earlier emergence of the southern butterflies relative to their central conspecifics will likely be advantageous for maintaining synchrony with central host plants, since it will provide a greater time overlap with the most rapidly developing annuals (C. bursa-pastoris and A. thaliana) that often partly escape predation (as suggested by our outdoor treatment-see Figure S2 ; and also Wiklund & Friberg, 2009 (Gezon, Inouye, & Irwin, 2016 ).
In conclusion, univoltine insects with physiologically fixed seasonal timing are regarded as phenologically rigid organisms, particularly vulnerable to trophic mismatches under climate change (Williams et al., 2015 ). Yet, our study suggests a high degree of phenotypic plasticity in spring phenology of an obligatory univoltine butterfly, allowing it to track the phenology of the majority of its host plant species under a wide range of spring temperatures. The fact that A. cardamines is a phenological specialist, feeding preferably on the reproductive parts of its hosts, should make it particularly vulnerable for climate-induced changes in relative phenologies with host plants, and suggests that T A B L E 2 Effect of temperature on development times of Anthocharis cardamines and flower/fruit stage of each of five host plant species between southern butterflies and central plants (S butt-C plant) and central butterflies and northern plants (C butt-N plant 
